ABSTRACT: An optimized large scale and highly reproducible route to orthogonally protected γ-thiolysine is reported. Its utility in the synthesis of bifunctional ubiquitin monomers is demonstrated. These ubiquitin synthons are employed in polymerization reactions giving access to synthetic polyubiquitin chains of defined linkage.
U biquitination of target proteins is a post-translational modification involved in almost all aspects of eukaryotic biology including the regulation of immune responses and cell cycle progression. 1 The attachment of the 76 amino acid long protein ubiquitin (Ub) to a nucleophilic functionality in the amino acid side chain of proteins alters the fate of the modified protein. The distinct signals that are brought about are mostly invoked by poly-ubiquitination, since Ub has the ability to form polymers by forming isopeptide bonds between the N-terminal amine or any of the internal seven lysine ε-amines of one Ub molecule and the C-terminal carboxylic acid of another Ub molecule. This will lead to eight differently linked homotypic poly-Ub chains, each triggering distinct signaling events. 2 All of these linkages have been detected in cells and their abundance changes during specific cellular events, indicative of their different functions. 3 On top of this, different linkages can be combined in one chain resulting in so-called heterotypic or mixed-linkage chains as well as the formation of branched chains. 4 Extensive investigations of Ub modifications led to the discovery of proteins that are able to specifically assemble, recognize, and break down poly-Ub chains. 1a Recently, the development of Ub-derived activity-based probes has been instrumental in allowing us to study deubiquitinating enzymes (DUBs), enabling us to study their molecular mechanisms of action in recognizing and breaking down specific Ub chains.
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Significant biochemical effort has been made in finding enzyme combinations that can give access to sufficient amounts of homotypically pure poly-Ub material. 6 Most of these biochemical techniques rely on the assembly of Ub chains by specific E2/E3 enzymes, and seven out of eight linkages can be assembled in this manner. Some of the enzyme combinations reported, however, are not 100% linkage specific, and further sample processing using DUBs is needed to remove traces of other linkages and ensure a homologous preparation. 7 The K27-linked poly-Ub chain, however, remains unattainable using biochemical approaches. Thus, extending the chemical toolbox seems important to provide new and complex Ub-derived material to further study Ub biology. The focus of chemical strategies to construct large polypeptides or proteins has been on the native chemical ligation (NCL) reaction, where a cysteine peptide reacts with a thioester peptide followed by trans-thiolation and S-to-N-acyl migration giving an amide bond as final product. The NCL reaction is widely used to construct large polypeptides or proteins. This approach initially was limited to cysteine ligation sites, but after the introduction of good desulfurization strategies 8 and development of thiolcontaining amino acid derivatives 9 has found broader applications. The use of thiolysine peptides, for instance, opened the way to construct ubiquitin conjugates, ubiquitin dimers, and assay reagents based on Ub.
10 Ub-thioesters can be accessed in several ways ranging from intein expression to utilizing E1 enzyme activation and chemical synthesis.
11 More critical is the thiolysine mutant that can be made using either GOPAL or fully synthetic strategies.
10a, 12 We and other laboratories have reported syntheses toward orthogonally protected thiolysine amino acids.
10a,12b,13 On the basis of such thiolysine and thioester mutants, Ub conjugates and small Ub chains have been prepared. Polymerization studies toward poly-Ub chains containing unnatural linkages have been reported using thiol−ene and copper-catalyzed click chemistries, respectively.
14 The construction of di-, tri-, and tetramer Ub chains containing native linkages requires tedious and highly specialized synthetic strategies. 15 In order to make longer Ub chains more easily accessible, we set out to develop a protocol based on a thiolysine NCL approach in order to polymerize Ub mutants in a single reaction. Not only can such an approach be applied to the synthesis of poly-Ub, but other Ub-like polymers such as, for instance, poly-SUMO could also be envisioned using similar methodology. Starting from γ-chlorolysine, 13b we were able to obtain the orthogonally protected thiolysine derivative 4 in nine straightforward steps with 69% overall yield on a 10 g scale (see Scheme 1). The advantage of this route over previously published routes is that only one flash-column chromatography purification is needed at the end of all steps. Furthermore, the use of the 9-BBN protective group is circumvented, and only standard chemical reagents are used to protect the amino acid. Although 9-BBN served well to mask the α-amine and carboxylic ester simultaneously, use of silica gel column chromatography as a means to remove 9-BBN following deprotection has proven difficult on larger scales. By utilizing a copper complex as protection to replace 9-BBN, deprotection, and purification are greatly simplified without affecting overall efficiency.
First, the carboxylic acid functionality of fully unprotected γ-chlorolysine HCl salt (1) was masked as a methyl ester, and subsequently, both amines were Boc protected to yield 2 in 98% overall yield. Substitution of the chloride using KSAc and removal of the acetyl moiety followed by introduction of the StBu group using S-tert-butyl methanethiosulfonate put the crucial sulfur atom in place as its orthogonally protected disulfide (3) . The deprotection of the acetyl functionality and the introduction of the StBu disulfide were carried out in one pot, which was crucial to prevent racemization at this stage. Saponification of the ester and concomitant removal of both Boc groups was accomplished in 78% subsequent yield over four steps. The formation of a copper complex assured masking of both the α-amine and carboxylic acid allowing for the selective Boc protection of the ε-amine in 97% yield. The symmetric copper complex proved highly stable, as it was readily isolated and stored without problems. Final removal of the copper atom using EDTA as alternative for more commonly used 8-hydroxyquinoline and subsequent Fmoc introduction on the α-amine followed by the only column purification in this nine-step synthesis gave the fully orthogonal protected thiolysine derivative 4 in 93% yield and excellent purity. With the Fmoc/Boc/StBu protection scheme in place, this amino acid could be used in Fmoc-based solid-phase peptide chemistry without the need to modify general protocols. Furthermore, this protocol provides a better overall yield, and the scalability of this method was verified in a largescale synthesis (yielding 47.7 g of product 4). Incorporation of γ-thiolysine building block 4 at any desired position substituting the natural occurring lysines in Ub was achieved using our previously reported solid-phase peptide synthesis protocol, which hinges around the use of pseudoproline-and dimethoxybenzyl-dipeptide building blocks in a linear approach. 10a In a typical synthesis, we prepared a thiolysine mutant Ub 1−75 on trityl resin (5), released it from the resin using mild acidic conditions (20 vol % hexafluoroisopropanol in dichloromethane) which liberated only the C-terminal carboxylic acid while leaving all other protective groups in place (6) . Activation of the C-terminus followed by coupling to glycinyl-ethylthioester afforded 7, and global deprotection using strong acidic conditions resulted in the crude Ub mutant (8) carrying both a thiolysine and a thioester moiety (see Scheme 2). Final RP-HPLC purification followed by lyophilization of the appropriate fractions yielded the target thiolysine-Ub 76 -thioester as white powder in multimilligram amounts. Because the selected disulfide protective group on the thiol remains in place during acidic treatment and HPLC purification, no polymerization or cyclization side reactions occurred at this stage and the Ub mutants could be stored. Reactions with δ-thiolysine Ub mutants have been reported, and polymerization was observed in the attempted syntheses for M1, K48, and K63 chains. 16 An intramolecular cyclization reaction competed severely with the intermolecular polymerization reaction and led to cyclic material, and this approach was not explored further. While a δ-thiolysine was employed previously, here we use a γ-thiolysine. Other differences are that we use a ethylmercaptan thioester and higher protein concentrations than reported previously. Perhaps these differences are key to a successful polymerization, although direct comparison of the δ-thiolysine versus γ-thiolysine in formation of diUb NCL experiments showed little difference. 13b We observed superior results when using such optimized conditions; 10a high concentrations of thiolysine-Ub-thioester reactant (50 mg/ mL) under denaturing conditions (6 M guanidinium hydrochloride/100 mM sodium phosphate buffer, pH 7.6) under the agency of mercaptophenylacetic acid (MPAA) as additive. Efficient formation of poly-Ub chains was found for K6, K11, K27, K29, K33, and K48 thiolysine mutants. However, the K63 mutant showed no formation of larger chains than the dimeric species (see SI Figure 3 ). To the best of our knowledge, this is the first full synthetic one-pot strategy allowing for the formation of poly-Ub chains of the K27-linkage, although recently K27 Ub 4 was synthesized in a convergent approach. 15d We reasoned that the extent of polymerization could be controlled via the addition of a Ubthioester not containing the thiolysine mutation. If such a monofunctional Ub is ligated to the distal end of the growing Ub chain, polymerization would be terminated since no further thiol group is present to accommodate a following NCL reaction. It turned out that controlling speed of polymer formation and hence the length of the obtained polymers was not trivial since the NCL reaction speed varied depending on the thiolysine position in the Ub. It turned out we could use a termination reactant to decorate the most distal N-terminus of the polymer with an entity of choice such as for instance a fluorescent dye (5-carboxyrhodamine 110) or a biotin handle with relative ease (see Scheme 3) . By spiking in labeled thioester (9) in the NCL reaction one incorporates the modified Ub molecule on the most distal Ub moiety of the growing chain thereby preventing further chain growth on the N-terminal side. Spontaneous hydrolysis of the thioester moiety stops chain elongation on the C-terminus leading to the final poly-Ub chain. Intriguingly, the K29-and K33-polymerizations seemed to perform best, and the polymerization profile showed the highest degree of oligomers (over 10 Ub units).
Dilution and dialysis of the reaction mixtures followed by cation-exchange chromatography allowed us to enrich for specific polymer length. At this stage, we were curious to see whether these fully synthetic Ub polymers could be recognized by enzymes that can cleave them, even without prior desulfurization. Initial proteolysis experiments using the panspecific DUB vOTU 17 confirmed that both Ub 2 and Ub 3 of K29-linkage and K33-linkage were processed (see Scheme 4) . Although vOTU is generally regarded as a DUB reactive toward all chains, previous studies show a diminished activity toward K29 dimers. 18 This indeed is reflected in our experiments where we observe a fast turnover of both K33-linked Ub 2 and Ub 3 whereas K29-linked chains are processed less swiftly.
Encouraged by these results we tested the DUB TRABID which has a preferred proteolytic activity on K29-and K33-linked Ub. TRABID was also able to process both Ub 2 and Ub 3 species of K29-and K33-linkage, showing a faster turnover for the K29-linked polymers than the K33-linked polymers. Similar results were found previously in a FRET-based assay cleaving Ub 2 by TRABID.
10c All results obtained using our fully synthetic Ub chains seem in agreement with previous reported results indicative of the success of our approach in generating higher order Ub chains that fold and behave similar as material from natural origin.
In conclusion, we have shown an optimized route toward a fully orthogonal protected γ-thiolysine amino acid. This route avoids the use of the 9-BBN protective group and only requires one silica gel column purification in the entire route, and we tested scalability affording 47.7 g of final product 4. This modified amino acid can be readily incorporated into Ub mutants using standard solid phase peptide chemistry, leading to high purity synthetic proteins. Such synthons can be used in a one-pot polymerization approach giving quick access to large poly-Ub chains of well-defined linkage. Validation of recognition and processing of these materials by highly specific proteases reveals that this method is a valuable tool in the construction of Ub derived polymers.
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